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ABSTRACT 
 
Micro-electro-mechanical systems with fluidic functions rely on micro features typically 
ranging from 10 to 200 Em in size.  To produce these features on polymer substrates with 
high quality and fidelity, existing techniques typically have long cycle times and are 
expensive.  It has been shown that localized heating with ultrasonic embossing has short 
cycle times but generates flash. This flash is the result of the displaced material from the 
feature being generated. The flash is undesirable and must be removed in a post processing 
step or captured in a special feature designed into the substrate (Flash trap) which limits the 
design freedom of the sample.  This research reviews the elimination of this flash by using 
micro-cellular foamed polystyrene substrate that self absorb the generated flash. Standard 
dog bone shaped features were embossed with various parameters and the resulting features 
characterized by optical and electron beam microscopy.  The process studied in detail was 
ultrasonic embossing and the parameters included: amplitude, engagement force (weld force) 
and heating time.  It was seen that with proper parameters the feature could be fully 
embossed with no flash. However, because of the availability of materials only a foaming 
level of 15% was studied which appeared to be slightly too high.  This resulted in rough 
surfaces in the final product. 
1CHAPTER 1 
 
INTRODUCTION 
 
Micro-electro-mechanical systems (MEMS) devices have been characterized and 
developed over the last few decades. They have been developed for a wide range of 
applications and industries, such as the medical industry, automotive, biotechnology, 
aerospace, communication, micro/opto-electronics and bio-terrorism [1].  They have been of 
great interest because of their miniature size with sophisticated and multiple functionality.  
“The primary goal of the MEMS device is to merge sensing, actuation, and computing in 
order to realize new systems that bring enhanced levels of perception, control, and 
performance in military and commercial applications”[ 1]. 
In more detail, MEMS are micro-devices that have both electrical and mechanical 
functionality integrated into one system.  This system has an overall dimension of fractions 
to hundreds of microns.  While this size range is relatively broad, most MEMS tend to have 
feature sizes in the range of 50 to 100 microns.  The feature size is defined as the size of a 
single component/feature of the MEMS [1].  MEMS devices have different components such 
as channels/pumps, reservoirs, actuators, and detectors/sensors.  Channels on these devices 
can have a minimal feature size of less than 5 microns.   
Because of standard fluidic fundamentals, significant pressure is required to promote 
flow through such small channels.  For example in equation 1, assuming a Newtonian fluid 
(viscosity of µ) flow can be shown that the pressure across a circular tube (P) is:  
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where R is the radius, L is the length, and Q is the flow rate [2].  Thus it can be seen that as R 
becomes smaller, the pressure required to produce a given flow rate increases rapidly. Thus, 
it is impractical to use conventional pumps to promote flow with these channels.  
Conventional pumping can be generated with a fluid through mechanical device.  For 
instance a driving pressure can be generated with a simple roller in a blister pouch design, [3] 
or through a plunger such as in a syringe or acoustic pump [4].   
As the channel becomes smaller and the pressure required to promote flow through 
conventional pumps becomes impractical, other pumping mechanisms, such as capillary, 
electrophoresis, and electroosmotic forces are needed.  Electrophoresis is the technique of 
applying an electric field that moves or transports fluid by applying an electric force of ions 
with the fluid [5].  The rate of the movement is defined by the applied voltage, size of 
particle or ions, relative charge, and viscosity of the fluids as well as geometric channel 
parameters.  This concept can be scaled with channels having a micron size feature which is 
known as capillary electrophoresis (CE).   
One of the forces that promote movement of the fluid is known as electroosmotic 
forces.  With electroosmotic the channel walls have to have a relative charge compared to the 
fluid near the channel walls.  Si-OH (silica) is a prime example of a molecule that can induce 
a charge. In the case of Si-OH the surfaces have a net negative surface charge from the O-H 
dissociation, which promote the movement of the water [6] (Figure 1.1).  As the channel 
radius decreases, the pressures required to promote flow become ineffective [7], making 
electroosmotic flow an important drive mechanism for fluidic MEMS.  It is important to note 
3that plastic surfaces usually allow fluid to flow because there is coating or surface treatments 
introduced.   
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Figure 1.1 Details of surface charge on glass 
 
Reservoirs on MEMS serve several functions.  The reservoirs can act as storage 
devices which can hold micro-amounts of liquids.  In addition, they can be used as reaction 
chambers or a waste dump after a fluid has been depleted.  Actuators are components that 
produce motion.  These devices often convert an energy source from one form into another.  
Actuators -- motors are one example -- can convert electrical energy into mechanical energy.  
The actions facilitate a function such as opening a valve, positioning a mirror, etc.  
Detection of particular reactions that are of interest is achieved with sensors.  Similar 
to actuators, sensors are elements of a device that typically convert one form of energy into 
another and provide the user with a usable or detectable form of energy. Usually the form of 
energy is a measurable output in response to a specific measurable input.  These measurable 
outputs can be radiation (usually light), thermal, electrical, chemical, mechanical, or a 
magnetic field.  Often these sensors are packaged in a dedicated portion of the MEM and 
have external electrical or optical connections [5].   
 Lab on chip (LOC) is a relatively new technology that basically means putting MEMs 
on a micro-chip (see Figure 1.2).  The functions of LOC can be to separate chemicals due to 
4the movability of a liquid plug, dilution, mixing, analysis, etc [8].  The need for faster results 
and reduction of cost has lead LOC’s to become common in the market.  For example, EPT’s 
(early pregnancy tests) are common examples of LOC’s that change color because of an 
immunoassay testing technique [8].  This technique relies on reactions between a protein and 
an antibody.  Another common test includes glucose measurements for diabetics [8]. 
 
Figure 1.2 Lab on a Chip 
 
MEMS are mainly fabricated using a lithography process [5]. Lithography is a 
manufacturing process derived from the semiconductor industry that primarily focuses on 
silicon manufacturing.  The semiconductor industry typically uses forms of glass (silicon), 
ceramics and/or metals as substrates.  By using various forms of lithography, the industry has 
developed technologies to fabricate increasingly small devices.  For example, nano-iPods, 
which are smaller than a deck of cards, can store over 4 gigabytes of data. 
51.1 Lab on CD 
LOC’s have many limitations.  For example [8]:  
(1) The manufacturing technologies are not fully developed.   
(2) LOC systems behave differently than conventional lab equipment because of 
 laws of scaling and many of the effects are not fully understood.  
(3) The application bracket has a restricted spectrum depending on the type of size of      
 fluid that is moving thru the channel. 
(4) To scale up the results may be a positive while scaling down may be a    
 negative result.  It’s not accurate for small batches of sample sizes. 
 
Lab-on-a-chip devices have been used for many years [5].  Although a lot of time has 
been spent developing these products, they need dedicated instrumentation in order to be 
fully functional.  Researchers have tried to platform off of standard computer compact disc’s 
(CD’s) so that any PC with the proper software can finalize functionality and read the CD’s 
diagnostic information. For instance, “an assay as complex as an enzyme-linked 
immunoassay (ELISA), has been demonstrated on a CD by fabricating micro-channels, 
reservoirs and valves on the interior of the CD” [9].  Manufacturability and readability are 
two limiting issues with the fulfillment of the Lab-on-a-CD. Polymer based MEMS are 
relatively new. Manufacturing of these devices based on polymer substrates, including LOC 
and lab-on-a-CD, are also new and under development. The advantages and reasoning of 
using polymer substrates are explained later. First manufacturing with polymers will be 
reviewed. Currently injection molding is preferred when fabricating these devices, but 
problems have been found when looking at high depth-to-width ratios of desired features [9].   
6These are critical to the functionality of many assays. These problems are related to 
high injection pressures. These high pressures can damage the features of the mold and lead 
to difficulties in disengagement of the mold and part after part formation.  Researchers in this 
area have been working to develop a manufacturing technique that allows a high depth-to-
width aspect ratio [10,11]. Current research shows embossing techniques that utilize 
localized heating can successfully fix the problems associated with injection molding of 
micro-channels [10,11]. One setback is that this technique produces undesired flash that must 
be removed, thus adding an additional manufacturing step which results in higher costs.  
The other issue that must be resolved in order to realize lab-on-a-CD is readability.  It 
is beyond the scope of this project, but it is anticipated that with the development of special 
reaction chambers and design this issue will be resolved.  In more detail, most assays require 
the stimulation of UV radiation to promote the photo-luminescence for detection to occur.  
The envisioned design will include chambers that will be capable of being read by 
conventional CD laser diodes (IR) detectors.   
 
1.2 Fabrication 
1.2.1 Silicon Based 
Silicon is an abundant brittle semi-metal element found naturally in sand, granite, 
clay, and many minerals that are used in alloys, semiconductors, and building materials.  
Historically electronic micro devices have been built on silicon for the last four decades.  The 
benefits of silicon include [5]:  
(1) Its high thermal conductivity (3.7 W/m, °K) allows it to withstand in heat transfer 
applications.   
7(2) Its endurance in high temperature makes it suitable for a wide range of 
applications.       
(3) It is amendable to be electrically modified so a wide range of electrical properties 
can be tailored for a particular application. 
 
Beyond its low impact strength the disadvantages of silicon include [5]:  
(1) Typical manufacturing process is slow.    
(2) The raw material itself is very expensive, about ~1 dollar/cm² for single  
 crystal silicon.  
(3) The different chemicals (solvents, KOH, or HF) involved during the  
 production of devices are hazardous.   
(4) It is opaque which prevents optical inspection of sub-surface defects.  
(5) Silicon is hydrophobic which makes it poor in terms of bio-compatibility.   
 
The reason the manufacturing process is slow is a result of the sequential processing 
steps, cleaning, resist coating, photolithography, development, and wet etching, which causes 
low yield and escalates cost [5].  These steps and why they are slow are detailed in Section 
1.2.5. 
 
1.2.2 Polymer Based 
 Polymers are natural or synthetic compounds made of a chemical structure that is 
repeated to be linked together to form a structure.  Plastics are man-made (synthetic) 
polymers, typically of a hydro-carbon composition.  There is a trend in the micro 
8processes/features manufacturing industry towards making non-silicon materials.  Polymers 
are becoming more important to the MEMS industry because they are light weight, low cost, 
have a wide range of properties and are disposable.  In addition, they are applicable for mass 
replication technologies in conventional manufacturing like hot embossing and injection 
molding.  They are also applicable in methods for rapid prototyping, like casting, or laser 
micromachining.  There are two major categories of plastics: thermoplastics and thermosets 
[12].   
Thermoplastics have the advantage that with heating, they soften and can flow.  This 
allows them to be easily processed.  In contrast, thermosets only soften slightly when heated 
and they do not experience flow with heating.  The reason for these differences is related to 
the inherent structures of each polymer type. 
 
Additional advantages of using polymers are [12]:  
(1) They are cheaper compared to silicon and thus can be disposable.  
(2) They are easily processed by high volume manufacturing processes.  
(3) They are recyclable.  
(4) They are biocompatible and they can also be easily molded with high replication 
accuracy.  
 
The disadvantages of polymers include [12]:   
(1) They have low thermal conductivity (0.29 W/m, °K). 
(2) Although there are different processes of development for mass replication       
 methods -- casting, injection molding, embossing -- they are not best.   
9(3) They are not thermally stable and can creep as a result of external loads or    
 residual stresses  
(4) Creep, because of its critical design problem, can be described as rubbery and 
viscous at temperatures above the glass transition temperature.    
 
1.2.3 Injection Molding 
There are a wide range of fabrication techniques that can be used to make micro 
features on polymer substrates including: injection molding, embossing, soft-lithography, and 
micro-machining.  Each process has its inherent advantages and limitations.  For example, 
injection molding is the most developed technique and is used to fabricate microfeatures on 
entertainment CD’s.  The process works by injecting a molten polymer into a cool tool steel 
cavity/mold at relatively high pressures (69-138 MPa (10-20 ksi)) in order for the features to 
be replicated. The solid plastic part is ejected from the cavity once the cavity temperature has 
dropped to obtain a sufficient strength.   
While this is a fast process, usually requiring 1-5 seconds total cycle time, which 
makes it suitable for high volume industrial applications, injection molding machines and the 
molds are expensive and the molds can be delicate.  A schematic of the injection molding 
machine is shown in Figure 1.3 . In the figure the important functional units of the machine 
are labeled: the injection unit and the mold, extrusion unit with the heaters, and associated 
clamping unit. 
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Figure 1.3 Injection Molding Machine [13] 
 
Within the injection molding machine there is an extruder that heats and melts the pellets 
or powder in the extrusion barrel that forces the melt through a rotating screw.   The barrel 
typically ranges from 25 to 150 mm (1.0 to 6.0 in.).  The barrel is long compared to its 
diameter (L/D ratio).  The ratio is usually determined by the material being processed.  The 
ratio is generally high when using thermoplastics (20:1).  Gravity pushes the pellets into the 
rotating screw while the rotating screw conveys material along the barrel.  The initial melt 
comes from the electric heating.  Once the melt is formed, additional heat is generated from 
the friction and mechanical work within the screw which maintains the melt as well as 
produces additional melt [14].  The screw consists of spiral threads with channels that rotate 
approximately 60 rev. /min.   
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There are three regions within the screw/barrel [14]: 
(1) Feed section-stock is moved from the hopper port and preheated.  
(2) Compression section-polymer is transformed into liquid, while the air that is 
entrapped amongst the pellets to be extracted from the melt, material is compressed. 
(3) Metering section-melt is homogenized and sufficient pressure is developed to pump it 
through the die opening.  
 
1.2.4 Embossing 
An alternative technique to injection molding is embossing.  Embossing equipment is 
less expensive compared to injection molding equipment. Using embossing makes it possible 
for high replication accuracy for small features [6].   
Embossing works by heating the polymer substrate above glass transition temperature 
(Tg) or melt temperature (Tm).  The mold is engaged into the plastic by plunging or forcing 
into the softened plastic transferring the pattern.  The system is cool, which usually takes a 
few seconds after the contact is made between the mold (cold metal) and the substrate.  The 
mold and plastic substrate are separated (de-embossing) upon cooling.  The plastic can be 
softened by IR heating, heated tool or ultrasonic [6].   
 
1.2.5 Lithography 
Lithography is a process of transferring a particular pattern to a photosensitive 
material by selective exposure to a radiation source such as light. The basic steps within the 
lithography process typically consist of: cleaning, spin coating, alignment of the mask, 
12
exposure, development and etching. Each of these steps is detailed below.  It is also 
important to note that these steps are repeated a number of times.   
Cleaning is typically completed by placing the substrate in a heated acid bath such as 
Piranha (H2SO40 + H2O2 1:1 @ 80ºC) for a predetermined amount of time (typically 10-30 
minutes) [15]. This same procedure is used for removing photoresist after etching.  Spin 
coating is a process of applying a uniform coating of photoresist at a specific and well-
controlled thickness to the substrate. The photoresist is deposited onto the wafer with a 
syringe which is then spun on a turntable at a high speed producing the desired film 
thickness.   
A typical coating thickness of a photoresist is between 1 to 5 Em, but thicker coatings 
can be used (+10 Em).  Thicker coatings are often used when long etching times are required. 
Once deposited, the photoresist/substrate is typically baked on a hot plate or in an oven to 
remove residual solvent [15]. Alignment of the mask is the step that assures proper 
placement and alignment between the mask and substrate.  Therefore, the mask has the 
desired image and feature images.  The mask is usually fabricated on a silver coated glass 
plate where the silver is removed with an electron beam.  During alignment the microscope 
assembly is rotated clockwise so that the microscope objectives are parallel to the mask 
alignment marks.  For clarity, alignment markers are added into the mask and also transferred 
during etching into the wafer.  They provide relative alignment placement between the mask 
and wafer by using a stereomicroscope and precise movement [16].    
To increase the lateral separation between the objectives so both of them can be 
positioned over the alignment markers on the mask and wafer, adjustment of the x-y position 
and rotation of the mask is completed manually through an iterative approach. Within 
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multiple etchings it is critical for the mask to be oriented in all three dimensions, x, y, and S
direction, where S is the angle of relative rotation.  After proper alignment of the mask and 
wafer, it will be exposed to UV radiation initiating a photo-chemical reaction in the 
photoresist.  This will produce a positive image which is in the portion of the photoresist that 
is exposed to light and it becomes soluble to the photoresist developer.  In most cases, the 
portion of the photoresist that is unexposed remains insoluble to the photoresist developer. 
However, a negative image is a type of photoresist in which the portion of the 
photoresist that is exposed to light becomes relatively insoluble.  The unexposed portion of 
the photoresist is dissolved by the photoresist developer.  The regions identified as dark 
regions correspond to the masked or unexposed regions [17].  During development, the wafer 
coated with the photoresist is placed in a solvent for a predetermined length of time to 
remove the uncured photoresist.  Once this process is completed, the wafer is rinsed with 
water and air dried to prevent over development.  
The main goal of etching is to remove material from the substrate.  There are two 
principal etching techniques: wet and dry etching.  Wet is the simplest form of etching.  A 
container with a liquid solution that will dissolve the material in question is needed to 
accomplish this task.  The photoresist must not dissolve or etch slower than the selective 
substrate; otherwise very thick photoresist must be applied.  Using single crystal materials, 
such as silicon, isotropic etching will occur with most etching chemicals [18].  However, 
certain chemicals can promote different etching rates in different directions of the material 
[18].  For example, with silicon based wafers, HF (Hydrofluoric Acid) can etch the glass 
anisotropicly.   
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Dry etching does not utilize any liquid chemicals or solvents to remove materials 
from the wafer.  Dry etchings remove material in the following [19]: 
(1) Through chemical reactions that consume the material or use chemically    
 reactive gases or plasma.   
(2) The physical removal of the material, usually by momentum transfer.   
(3) A combination of both physical removal and chemical reactions. 
When using chemical reaction dry etching process, four design considerations must be 
addressed: [19] 
(1) High selectivity against etching the mask material over the layer being    
 etched. 
(2) High selectivity against etching the material under the layer being etched. 
(3) High etch rate for the material being removed. 
(4) Excellent etching uniformity. 
 
Examples of dry etching include: direct electron beam etching and Reactive Ion 
Etching (RIE).  During RIE the wafer is placed in a plasma filled chamber in which the ions 
are accelerated towards the substrate with an electric field [19].  In both cases, wet and dry, 
the etchants remove the areas from the wafer which are unprotected by the photoresist thus 
forming the channels/features.  Then the depth of the channels can be controlled by the time 
of exposure.  The disadvantage with the wet technique is multidirectional etching, in which 
non vertical channels are likely to be formed [19].  However, the RIE technique produces a 
15
relatively vertical channel/feature wall which is achieved by anisotropic or unidirectional 
etching due to the directional steering of ionized gases.  After etching, the wafer/substrate is 
usually cleaned and often the process is repeated until the final design is fabricated.    
It is also important to note that there are other process steps such as doping where 
ions are deposited into the surface and near surface of a substrate to define a particular 
electrical property.  Because these processes are not amendable to fabricating channels they 
are not detailed here. Figure 1.4 illustrates the basic concept of lithography.  
 
Figure 1.4 Photosensitive to radiation transfer [15] 
 
1.2.6 Soft Lithography 
 Soft lithography is a relatively new process that was developed between 1995 and 
2000.  As defined by Roger and Nuzzo, soft lithography refers to a set of methods for 
fabricating or replicating structures using “elastomeric stamps, molds, and conformable 
photomasks.”  [20].   
Soft lithography is a technique that allows microfluidic chips to be fabricated with 
elastomeric materials in an inexpensive and fast method.  The basic fabrications steps include 
16
pouring resin polydimethylsiloxane (PDMS) on top of the wafer or a glass slide that has 
microfeatures produced via conventional lithography [21].   
Once the soft stamp is produced it can then be "inked" by placing it in a bath of 
inking solution (for example, octadecanethiol (ODT) in ethanol) for a short period of time 
(pattern up).  The molecules from the ink will fall and adhere to the surface of the stamp 
creating a single-molecule layer of ink on the stamp.  The developed designed feature will be 
stamped, then pressed on the substrate and removed, leaving the desired single-molecule 
thick pattern on the final substrate [22].  This process is often used to fabricate lower 
production runs as well as faster prototyping. 
Soft lithography can be used in technologies such as: microcontact printing (mCP), 
replica molding (REM), microtransfer molding (mTM), micromolding in capillaries 
(MIMIC) and solvent-assisted micromolding (SAMIM) [22]. 
 
The advantages of soft lithography include [22]:  
(1) This process is fast.    
(2) Using soft lithography has more pattern transferring methods which make it 
possible for an easy transition from design to production in a smaller time frame.   
(3) This process has relatively low costs compared to other methods.  
(4) This process is well suited for polymer substrates.  
(5) This process is biocompatible. 
 
17
1.3 Types of Embossing 
1.3.1 Local vs. Bulk 
Conventional embossing works by engaging a heated tool, that has a negative image 
of the desired feature, into a heated substrate [23].  The entire system is then cooled below 
the glass transition temperature of the plastic and the tool is “de-embossed”.  Because the 
entire substrate is heated, residual stresses and de-embossing forces can present issues during 
manufacturing.  This is one of the major limitations of traditional bulk heating and/or surface 
heating.  During bulk heating, the entire substrate has to be heated which requires a relatively 
long heating and cooling cycle which limits production rate.  As the name implies, surface 
heating works by heating only the surface.  This greatly reduces the cycle times but results in 
thermal gradients which in turns results in residual stresses and part warpage.  In this work, 
localized heating is studied and used.  It has been proposed that by locally heating (localized 
heating) the substrate [23], some of the issues with bulk heating embossing can be 
eliminated.  By locally heating the substrates, it is possible to reduce the cycle time and can 
be used for continuous manufacturing.  This technique is further detailed in Section 1.3.2.  
 
1.3.2 Localized Heating 
Localized heating is the process of producing a melt in a central location where the 
feature will be produced instead of heating the whole substrate (see Figure 1.5).  In order to 
heat a substrate locally, two major heat sources namely (1) laser/IR and (2) ultrasonic heating 
have been studied [23].  Both of these are detailed in following sections.  It is important to 
note that other methods such as microwave heating are also possible but have not been 
18
studied.  In order to reduce the cycle time, recent research efforts have also focused on 
developing efficient and cost-effective rapid heating/cooling systems for the hot embossing 
process [23]. 
 
Figure 1.5 Local Embossing 
 
1.3.3 IR/Laser Assisted Embossing 
 As the name implies, in IR/Laser assisted embossing the heating source is infrared 
(IR) or laser radiation.  Because this heating technique does not rely on conduction, there is a 
reduction in cycle time [24].  “It has been demonstrated that a pulsed spot laser (2.5mm in 
diameter) can be used to heat up the silicon substrate through a transparent quartz mold, 
followed by subsequent embossing/imprinting [11].”   
Horn 
Local Heating 
Feature 
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This has very short cycle time (less than 5 seconds) and overall dimensions of the 
feature are small (1.5mm x 1.5mm with ~100nm thickness).  Fabricating polymeric 
microfluidic devices is not possible using this method.  In a study by D. Grewell, C. Lu, J. 
Lee and A. Benetar it was investigated that a Laser/IR assisted micro-embossing would be a 
tool for embossing larger surface area and channel depths measuring in micrometers [25].   
 
1.3.4 Ultrasonic 
Ultrasonic vibrations have been employed to generate heat in embossing operations.  
They have high frequency mechanical vibrations.  These vibrations transmit through 
thermoplastics parts which generate frictional heat at an interface Figure 1.6.  Because of its 
cyclic motion (20,000/sec) ultrasonic provides localized heating of the surface layer within a 
few seconds.  Amorphous polymers are very efficient with regard to their ability to transmit 
ultrasonic vibrations effectively.  In addition, they can be processed under a wide range of 
force/amplitude combinations.  By comparison, semi-crystalline polymers have a sharp 
melting (Tm) which makes it easy to absorb a percentage of the mechanical vibrations.  Thus 
with crystalline material it is usually difficult to transmit the ultrasonic energy to the 
interface.  Once the vibrations have been terminated, solidification of the material is 
promoted by heat transfer into the horn.  However, vibration based heating is not suitable for 
concave-structure micro features.  The area of replication is also limited by the horn size 
[26].  
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Figure 1.6 Ultrasonic Embossing 
 
The most important parameters for ultrasonic embossing include [6]: 
 
(1) Amplitude -- This is the peek-to-peek ultrasonic displacement of the horn  
 face. 
(2) Force -- The force applied to the substrate by the horn during embossing. 
(3) Time -- The length of time the ultrasonic energy is applied. 
 
There are other parameters, such as trigger force (level of force when the ultrasonic force is 
applied) and hold time (length of time the horn remains in contact with the part after 
heating); however these parameters are less critical for process optimization [26]. 
 
1.3.5 Flash 
One major issue with localized heating embossing is the production of flash [23].  
Because the substrate is only locally heated, the material that is displaced during the 
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embossing can not be captured by the embossing tool to form a flat surface.  Thus a 
secondary operation is required to remove the flash.   
For example, a finite element program, DEFORM, was used to simulate the 
embossing process using decoupled heat flow and deformation analysis [25].  Figure 1.7 
shows the predicted flow pattern, which was very similar to the observed flow pattern.  It is 
seen that there is significant flash produced on the substrate.  It is possible to heat the entire 
surface of the substrate and reform the flash to a flat surface.  However, this is not desirable 
because it increases the heat input, cycle time, requires the entire substrate to be heated and 
results in welds on the surface.   
Thus, zero-flash embossing is not possible with conventional methods that use 
localized heating. Localized heating can be achieved either through ultrasonic energy or laser 
heating.  These techniques have been studied and proven to be viable techniques, but are 
limited because using conventional method there is flash produced on the substrates.   
Figure 1.7  Predicted flow pattern with flash [25] 
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1.4 Micro-Cellular Foaming  
Micro-cellular foaming (Mucell®) is a special process that produces foamed plastics 
products with superior mechanical properties compared to conventional foaming techniques 
[27].   
The main difference between micro-cellular foaming and conventional techniques is 
that the foam cells are relatively small (50-100 Em in diameter) and have a very uniform size 
distribution and consist of nearly all closed cells.  Mucell is a trademarked name for the 
process patented by a technology from MIT.  Mucell works by heating and pressurizing a 
non-flammable gas such as nitrogen or carbon dioxide (blowing agent) to the extent that it 
becomes a fluid.   The gas is forced into a machine container to combine the plastic and gas 
into a single phase.  Microcell foams are produced when the cell nucleation rate is extremely 
high and much greater than the diffusion rate of the blowing agent into cells.  Cells are 
created in mass numbers before they are given time to grow significantly.  This result in 
different materials characterized by a large number of evenly distributed uniform sized, 
microscopic cells [27].    
Mucell has become an important industrial technology.  By using the Mucell, 
processes such as cycle times, clamping tonnage of injection molding machines, and part 
warpage have all been reduced because of the reduction of melt temperature, improved mold 
filling and the elimination of hold time.  This technique has been primarily used to reduce 
weight and material requirements for structural applications also [27]. 
Mucell is being used because of the free volume.  It is anticipated that the material 
can “soak up” or “absorb” the excessive material (flash) produced during localized 
embossing.  In more detail, it is proposed that micro-cellular foamed substrates can be 
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embossed through a localized heating technique, namely ultrasonic heating.  However, other 
heat sources such as lasers can be used.  The basic concept of using microcellular foamed 
substrates is to promote the self-absorption properties to consume the flash during 
embossing.   
As will be detailed, it has been demonstrated that embossing techniques utilizing 
localized heating can resolve the issues of injection molding of micro-channels [6].  During 
the absorption phase of the embossing there are several fundamental aspects that must be 
derived in order to achieve a perfectly flat final substrate.  Assuming a micro-cellular density 
of W1 and a fully consolidated density of W2 (no foaming remaining), the ratio of the embossed 
volume (V1) to consolidated volume (V2) can be used to estimate the amount of material that 
must be absorbed, see Figure 1.8 and Eq. 2. 
Figure 1.8 Theoretical cross of embossed micro-cellular substrate 
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It is important to note that a provisional US patent application has been filed for this 
work [28].  
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1.5 Current Development for Polymer Based MEMS 
Grewell et al. [6] proposed that it is important to develop alternative fabrication 
methods for polymer based MEMS devices.  The different techniques investigated for this 
purpose were injection molding, ultrasonic embossing, IR/laser, and hot air.  Three materials 
were used polycarbonate (PC), polystyrene (PS) and high density polyethylene (HDPE).    
The time required to produce a feature with injection molding was as low as 20 
seconds with high quality.  The parts obtained had high precision with defined sharp corners.  
There were no machining marks observed on the feature.  Using ultrasonic embossing, the 
cycle time was 10 seconds at an amplitude of 40Empp. It was observed that embossing 
produced sharp corners but mass displacement of the material resulted in rough regions 
adjacent to the micro-feature.  HDPE samples did not yield good results. However, with 
HDPE it was observed that thinner samples performed better.  In cases where sample 
thickness was up to 3 mm, poor feature quality suggested to be a result of improper squeeze 
flow and non localized heating.  IR Embossing with a power density of 26 W/cm² had 
sufficient melting in 8 seconds with HDPE.  The overall results indicate that ultrasonic and 
IR embossing techniques can produce high quality micro-features within 10 seconds, 
whereas hot gas failed to produce sharp micro-features for the temperatures studied.   
 
Lu and Lee [29] suggest sacrificial materials would be ideal to assist the sealing of 
micro channels using laser welding technique.  This process does not require any complex 
mask or expensive equipment.  The design allows microstructures to become more flexible, 
thus preventing flash generation and channel blockages.  Sacrificial mold remains in the 
embossed parts instead of being separated from the part (de-embossing) after the molding.  In 
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previous experiments the sacrificial materials were removed by etching or dissolution with 
long cycle times.  The two different polymers used were poly (lactic acid-co-glycolic acid) 
(PLGA) and poly (1-vinyl-2-pyrrolidone) (PVP).  Both the polymers are transparent to 
radiation from a diode laser with a wavelength of 808 nm.   
The results indicated higher embossing pressure and lower temperature initiated 
defects within the material because of stresses generated during embossing.  Lower 
embossing pressure and higher temperature showed no obvious defects.  Krishnan and 
Benatar [30] proposed that micro impulse sealing of thin films on polymer substrates is 
achievable for MEMS fabrication.  They studied the effect of power and heating times on 
weld width and strength.  The weld width increased with power and welding time.  The weld 
strength also increased until the strength reached a peak value and dropped due to 
degradation.  Strong and weaker welds were found to have similar fracture behavior 
irrespective of the welding conditions used.   
Juang et al [25] proposed to shorten the cycle time of conventional microembossing 
by laser/IR-assisted microembossing (LIME).  Experiments revealed that embossing with 
LIME using short cycle time was possible to replicate features accurately.  Amorphous 
polymer Poly (methyl methacrylate) (PMMA) and semi-crystalline high density polyethylene 
(HDPE) substrate materials were used.  DEFORM 3D (a commercial FEM code) was utilized 
for simulation of substrate flow pattern during embossing.  Two different modes of IR 
embossing were simulated, transparent mold embossing (TME) and transparent substrate 
embossing (TSE).  A comparison of flow pattern and displacement versus time curves 
between simulation and single channel embossing experiments in TME with HDPE showed 
that the simulation over predicted the experimental results leading to short embossing times.  
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This is because the latent heat was not considered and could be improved by acquiring 
accurate temperature distribution inside the substrate. 
An additional study carried out by Grewell et al. [31] looked at two modes for 
through-transmission infrared micro-embossing of thermoplastics for the replication of 
micro-fluidic devices.  The first IR radiation was passed through a transparent substrate onto 
an absorbing die that became heated as it pressed against the substrate.  The second mode 
used a transparent die/mold where IR radiation was passed through a die and directed onto an 
opaque thermoplastic substrate.  The substrate heated and softened allowing the features of 
the die/mold to transfer onto the substrate.  Power, density, heating time, preheating, holding 
time, pressure and their correlation with respect to quality of image transferred by IR were 
investigated.  The results suggested that replication features up to 300Em could be replicated 
in 2 sec.  Additional heating beyond cycle time reduced feature depth and finally both 
transparent and absorbing molds allowed replication. 
 
1.6 OBJECTIVE 
The primary objective of this study is to eliminate flash generation during micro 
embossing with localized heating.  This objective is to be achieved by investigating the 
different processing parameters for ultrasonic embossing.  They include: 
(1) Trigger force--the force when ultrasonic vibration are initiated. 
(2) Amplitude--the ultrasonic motion of the face of the horn. 
(3) Embossing time--the length of time ultrasonic energy is applied.   
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In addition, their effects on channel depth, quality and flash generation are also examined. To 
further the understanding of flash generation, the influence of different substrates will also be 
investigated.   
A quantitative measurement of feature depth, using optical measuring instruments, 
will be carried out for the features produced by various permutations of the above mentioned 
parameters and different substrates.  Also, a qualitative assessment of flash will be done by 
observing deviations within an experiment group, from ideal features being embossed.  
 
1.7 RESEARCH QUESTION 
The research questions that will be addressed by the objects of this work are: 
(1) Can flash be eliminated by using a self absorbing substrate when using local heat 
embossing? 
(2) What quality of embossing can be achieved with a 15% level of foaming on PS? 
(3) How do the processing parameters effect ultrasonic embossing on foamed substrates? 
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CHAPTER 2 
 
METHODS 
 
2.1 Sample Configuration  
In order to demonstrate the concept of zero flash embossing by self-absorbing 
materials, a standard dog bone configuration, see Figure 2.1 , was embossed onto standard 
polystyrene (PS) and micro-cellular polystyrene (µ-PS).  The amount of flash produced with 
each substrate was then compared. 
 
1200
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Figure 2.1  Details of “dog bone” micro-feature for embossing 
 
2.2 Materials and Substrates 
Standard PS samples were cut from 3.2 mm extruded sheets.  In this case the level of 
foaming was 0% and considered the control group.  Extruded foamed sheets were obtained 
from Trexel Corporation (MA) and had a foaming level of 15%.  Foamed samples were cut 
from these sheets as received.   
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2.3 Equipment 
2.3.1 Ultrasonic System 
A Branson 2000 Series ultrasonic welding system was used for embossing (see Figure 
2.2 A & B).  The basic system consisted of four main components; namely the ultrasonic 
power module (that converts 50/60 Hz line current to 20kHz electrical energy), a system 
controller (to control the welding system and to interface to other equipment and humans), a 
pneumatic actuator and a stack assembly that consist of three main sub-components 
(converter, booster and horn (See Figure 2.4)).  Piezo-electric elements in the converter 
transfer electrical oscillations to mechanical vibrations.  The booster acts as a mechanical 
transformer to increase or decrease the amplitude of vibrations.  The horn is coupled to the 
booster and also transforms the vibrations and engages the substrates during embossing. 
Depending on the application, the horns are typically made of titanium alloys or aluminum 
alloys.  In this study an aluminum alloy horn fabricated by Branson Ultrasonics with the 
feature detailed in Figure 2.4 was used. 
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Figure 2.2 (A) Photograph of Branson Ultrasonic 2000 
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Figure 2.3 (B) Photograph of Branson Ultrasonic 2000 
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Figure 2.4 Ultrasonic Booster & Horn 
 
Booster Horn Substrate 
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2.3.2 Fixture 
 The fixture was fabricated using an aluminum base with two L - brackets.  The L-
brackets were affixed to the aluminum base with four ¼” -20 socket head screws.  One 
bracket had slots machined into it to allow adjustment so that samples could be properly 
secured.  The maximum and minimum dimensions of the sample that could be placed in the 
bracket were (399 mm x 383 mm (1.570 in x 1.507in)) and (367 x 362mm ~ (1.443 in x 
1.426 in)) respectively.  See Figure 2.5A & B for further details. 
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Figure 2.5 (A) & (B) Picture of the fixture with sample 
 
2.4 Experimental Variables  
 Three variables were studied: amplitude, time and force.  Three different amplitudes 
(20µmpp, 30µmpp & 40µmpp) were studied based on screening experiments and equipment 
limitations. These amplitudes, which are relatively low when considering ultrasonic welding 
of PS, which typically use 40-60µmpp of amplitude, were selected in order to reduce the risk 
of tool damage. The embossing time/heating time (time the energy was applied) was varied 
from 0 to 10 seconds at 0.5 second intervals.  The gauge pressure was varied at 69, 138 and 
207 kPA (10, 20 and 30 psig) which resulted in a clamp force of 245, 400 and 622 N, 
respectively.  These pressures were also chosen to reduce the risk of tool damage. The trigger 
force (sonic start force) was always adjusted to match within 98% of the weld force.   
35
The above procedure was carried out with different combinations of the previously 
mentioned variables.  In each combination five samples were embossed to produce the 
testing population.   
 
2.5 Embossing Characterization 
2.5.1 Sample preparation for characterization 
The samples produced were cut at the center of the dog bone channel length using an 
ISOMET low speed saw (see Figure 2.6 (A)) to obtain the cross section of the embossed 
feature.  The sample was mounted on a pivoted arm with clamps so that the embossed sample 
rested on the edge of the saw.  The arm was adjusted for lateral movement in order to align 
the center of the channel length with the saw (see Figure 2.6 (B)).  Once alignment was 
achieved, dead weights were mounted onto the pivoted arm to achieve a downward pressure.  
Cutting was carried out in a tap water bath to reduce chatter.  This was done to avoid flash 
generation and thus kept the channel cross section clean of flash particles.   
(A) 
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(B) 
Figure 2.6 Photograph of cut off saw 
 
2.5.2 Optical Measurements 
A polarized optical microscope was used to measure the depth of the feature along the 
cross section on each sample (see Figure 2.7).  The images of the cross sections were 
captured under 10x magnification.  The photographs were analyzed using a micron scale that 
was calibrated using ‘Paxit Software’ coupled in the imaging device.  The approximate 
channel depth for each cross section was measured using the measuring functions within the 
software.  These values were calculated for their mean and standard deviation.   
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Figure 2.7 Picture of Polarized Optical Microscope [32] 
 
2.5.3 Scanning Electron Microscope 
The quality of the resulting micro-features was also assessed using electron beam 
microscopy.  Scanning Electron Microscope (SEM) micrographs were used to estimate 
surface roughness.  The SEM is a microscope that uses electrons rather than light to form an 
image (see Figure 2.8).  SEM was used because of its combination of higher magnification, 
larger depth of focus, greater resolution and ease of sample observation [33].  The SEM also 
produces images of relatively high resolution, so that closely spaced features can be 
examined at a high magnification.  Preparation of the samples included solvent cleaning with 
isopropyl alcohol followed by coating the sample in a vacuum sputtering system with silver.   
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The coating was required to prevent charging of the non-conductive samples during 
examination at higher magnifications (>500x).  For samples examined at lower 
magnification, no pre-coating with a conductive material was required because they were 
examined using a low-vacuum SEM. The SEM was a Hitachi S-2460N "variable-pressure" 
system.  The samples were examined at a partial vacuum of 120 Pa. Thus, pre-coating was 
not required in order to prevent “charging” of the samples as the partial vacuum gasses 
discharged the non-electrically conductive samples. 
Figure 2.8 Picture of SEM [34]  
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CHAPTER 3 
 
RESULTS AND DISCUSSION 
 
The photographs obtained from OPM were analyzed to determine the quality 
and depth of the embossed features for both standard PS and foamed PS.  It was observed 
that, while all channel depths are approximately 300 Em deep (indicated by the white lines), 
there is no evidence of flash with the foamed substrate; in contrast there was significant flash 
noticed with the standard PS (Regular PS).  Figure 3.1 (A, B, C,) shows an optical 
micrograph of cross section from foamed and standard substrates.  Sample C shows the 
substrate absorbing the displaced material leaving no excessive flash on the exterior. It is 
seen that the surface of the sample is resin rich and that there is little foaming directly in 
region of the embossing, however in the core of the sample, foaming is evident.  In this case, 
the resin rich area deformed into the foam region and the region directly below the embossed 
feature absorbed the displaced material.  Because there is no practical way to measure the 
density of the absorbed region, it is not possible to accurately confirm Eq. 2.   
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Figure 3.1 Optical micro-graph of (A) foamed and (B) standard (C) foamed absorbed 
 
(B) Regular Polystyrene Foam 
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(A) Micro-Cellular Polystyrene Foam
(C) Micro-Cellular Polystyrene 
Flash absorbed 
material 
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3.1 SEM 
As seen in Figure 3.2 (SEM microscopy image), the embossed feature on the 
microcellular foamed substrate has no flash.  In more detail, the foamed sample has a region 
adjacent to the channel where the foam density appears slightly higher compared to bulk of 
the sample.  Further away from the channel, there appears to be a grain structure similar to a 
grain structure seen in wood.  These structures are the result of voids resulting from rapid 
cooling at the surface following extrusion.  The rapid cooling resulted in unstable foaming.   
Thus, it is believed that alternative foaming levels would be better suited for zero flash 
embossing.  In these preliminary results, the foaming level was too high (15%) to allow for 
full consolidation at the feature surface.  Despite the excessive level of foaming, the sample 
was able to absorb the flash and form a relatively smooth surface.  In contrast, it is seen with 
standard PS, there is significant flash adjacent to the channel and excessive flash near the 
reservoir.  It is important to note that with the foamed structure, the flash generated by the 
channel as well as the reservoir is absorbed independent of the feature size.  That is to say the 
reservoir has a larger volume; therefore it produced more flash compared to the channel.  
However, the foam substrate was able to absorb the flash from both features independent of 
the size.  This suggests that the process is robust and would be able to accommodate various 
feature sizes independent of feature size. 
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(A)                 (B) 
Figure 3.2 SEM picture of embossed feature (A) with microcellular foam and (B) without 
foaming 
 
Figure 3.3 shows a SEM image of an embossed sample with the regular PS.   Again, 
there is evidence of flash and the amount of flash is proportional to the width of the 
embossed feature.  For example, the flash produced at/from the channel is significantly less 
compared to the flash produced at the wider section of the reservoir.  It is also seen that the 
interior walls of the embossed feature are relatively smooth.  Again, this suggests that 
irregular surfaces of the micro-cellular foamed substrate (Figure 3.2) are the result of 
excessive foaming and not related to tooling.  
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Figure 3.3 SEM image of embossed micro-feature on regular PS 
 
Figure 3.4 shows a SEM image of a cross section of an embossed feature on a micro-
cellular foamed substrate.  As detailed in the introduction, it was anticipated that the region 
adjacent to the feature would have evidence of the absorbed material.  However, this region 
only appears at the lower magnification (Figure 3.1), suggesting that the flow of the 
displaced material is relatively large and only visible at lower magnifications, as seen in 
Figure 3.2.  That is to say that at this magnification, the flow extends out of the frame of 
view.  While this may result in a relatively robust process allowing the process to reduce the 
flash independent of the foaming level and feature size, the quality of the features may be 
relative poor as evident by rough surfaces. 
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Figure 3.4 SEM of cross of embossed micro-cellular PS 
 
3.2 Process Characterization 
Figure 3.5 and Figure 3.6 show feature depth as a function of heating times for 
various amplitudes with regular and foamed PS substrates, respectively. In these 
experiments, the embossing force was held constant at 245 N.  The lower value was selected 
to reduce the risk of tool damage.  It is important to note that the lines are added to each of 
the graphs for visual aid and are not determined. As expected, depth is generally proportional 
to heating time; however, in most cases there is an inflection point once the depth approaches 
300 Em.  This is due to the fact that the tool depth is 300 Em and at that depth the tool is fully 
engaged into the substrate.  Thus, the tool “bottomed out” and further engagement was not 
possible. 
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Figure 3.5 Feature depth as a function of heating time at various amplitudes with regular PS 
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Figure 3.6 Feature depth as a function of heating time at various amplitudes with foamed PS 
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It is also seen from these figures that higher amplitudes promote faster embossing. 
For example, in Figure 3.5 it is seen that with 20 Em of amplitude with 3 seconds of heating, 
the depth is less than 50 Em, while with 40 Em of amplitude, the depth is approximately 300 
Em. This is expected because heating rates are proportional to the amplitude squared.  It is 
also seen that less time is required to emboss the foamed substrate.  This is probably due to 
the fact that with the foamed substrate there is free volume (air) that does not require heating, 
thus less energy is required; which correlates to less time.  This is also possibly related to the 
fact that the standard substrate is more rigid and transmits the energy to the base of the 
welding system. 
 Figure 3.7 and Figure 3.8 show embossing depth as a function of time for various 
embossing forces for the regular and foamed PS samples, respectively.  As expected, in all 
cases the embossing depth is proportional to heating time and embossing force.  In addition, 
as seen in the previously detailed results (constants trigger force (Figure 3.5 and Figure 3.6 ), 
the foamed substrates tended to emboss in shorter heating times. For example, when 
considering a trigger force of 400 N, the regular PS samples were fully embossed to 300 Em
in 5.5 s, while with the foamed PS samples; the required time to fully emboss was only 4 s. 
Again, this is probably due to the fact that with the foamed substrate there is more free 
volume (air) that does not require heating, thus less energy is required, which correlates to 
less time. 
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Figure 3.7 Feature depth as a function of heating time at various weld forces with regular PS  
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Figure 3.8 Feature depth as a function of heating time at various weld forces with foamed PS 
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CHAPTER 4 
 
CONCLUSION 
 
This work looked at a unique material (micro-cellular foamed thermoplastics) as a 
substrate which maybe able to “absorb” the displaced material during ultrasonic embossing.  
In this study it was found that flash generation could be eliminated by employing 
microcellular foamed polystyrene substrates.  It was observed that the molten polymer, upon 
heating was absorbed by the free volume in the foamed substrate.  As a result of which there 
was minimal or no deposition of flash on the feature surface. It was observed that when using 
ultrasonic embossing, feature depth was generally proportional to the amplitude and heating 
time.  In addition, lower heating times were required to produce similar embossing depth 
with microcellular foamed polystyrene substrate compared to regular polystyrene.  The 
reason for this is that the latter has more free volume thus requiring less energy to heat.  In 
addition, it has been demonstrated that ultrasonic embossing can be as fast as a few seconds.  
Also, embossing amplitudes as low as 20 µmpp can be used to emboss PS samples.   
The feasibility to fabricate micro channels on microcellular foamed substrates without 
flash was successfully demonstrated. Microcellular foamed is an excellent material for 
ultrasonic embossing.  This method is cost effective and is amendable to mass produce using 
continuous manufacturing because its short cycle times (less than 5 seconds).  In addition, it 
was seen that the minimum heating times, force and amplitude required emboss foamed 
substrates was less compared to using regular polystyrene substrates.  
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Using the components in this work will lead to future work such as a Lab on a CD 
prototype. For example, a CD can be designed to detect anthrax through a fluorescent 
enzyme assay using a synthetic peptide substrate for Bacillus anthracis lethal factor (LF) that 
has been chemically modified with a donor-acceptor pair of fluorescent molecule (FRET 
pair).  
The functionality of this CD can be confirmed through an enzyme assay, specific for 
the anthrax pathogen. A simulated condition similar to that found in a standard CD 
reader/writer of a PC, including rotation rates and laser sources, can be constructed. This 
simulation can then be used to validate the functionality of the CD.   Other work can focus on 
foaming levels as well as various substrate materials.   
50
REFERENCES 
 
1 Yu, Liyong. (2004). Experimental and Numerical Analysis of Injection Molding with 
 Microfeatures. Unpublished doctoral dissertation.   
 
2 Tadmor Z. & Gogos C. (1979). Principles of Polmer Processing. John Wiley 
 and Sons, New York, NY. 
 
3 Madou M. J. & Kellogg G. J. (1998). The LabCDtm: A centrifuge-based microfluidic 
 Platform for diagnostics. The International Society for Optical Engineering. 3259,  
80-93. 
 
4 Moroney R. M., White R. M., & Howe R. T. (1990). Fluid motion produced by  
ultrasonic lamb waves, Ultrasonics symposium Proceedings. 1, 355-358. 
5 Madou M. (2002). Fundamentals of Microfabrication-The Science of Miniaturization. 
2nd Edition, CRC Press LLC. 
 
6 Grewell D., Mokhtarzadeh A., & Benatar A. (2003, May). Feasibility Of Selected   
 Methods For Embossing Micro-Features In Thermoplastics. Paper presented at    
 the 61st Annual Technical Conference (Antec), Nashville, TN. 
 
7 Johnson T., Waddell E., Kramer G., & Locascio, L. (2001, June). Chemical Mapping of    
 Hot-Embossed and UV-Laser-Ablated Microchannels in Poly(mthyl methacrylate)   
 Using Carboxylate Specific Fluorescent Probes. Applied Surface Science, 2, 149-
159. 
 
8 Lab on a Chip. Retrieved May 20, 2006 from 
 http://en.wikipedia.org/wiki/Lab-on-a-chip
9 Steigert J., Grumann M., Brenner T., Mittenbuhler K., Nann  T., Ruhe J.,  et al.  
(2005, October). Integrated Sample Preparation, Reaction, and Detection on a High-
frequency Centrifugal Microfluidic Platform, JALA. The Association for  
Laboratory Automation, 10, 331-341.  
 
10 Becker, H & Heim, U. (2000). Hot embossing as method for the fabrication of  
polymer high aspect ratio structures, Sensors and Actuators. Applied Surface Science. 
83, 130-135. 
 
11 D. Grewell, C. Lu, L. J. Lee & A. Benatar. (2003, May). Evaluation of Methods for  
 Embossing Micro-Features in Thermoplastics. Paper presented at the 61st Annual  
 Technical Conference (Antec), Nashville, TN.  
 
12 Becker H. &Garner C. (2000).  Polymer microfabrication methods for microfluidic  
51
analytical applications. Electrophoresis, 21, 12-26. 
 
13 Injection Molding Machine. Retrieved February 28, 2007 from  
 http://www.pennplastics.com/fig1.gif
14 Groover M. (2002). Fundamentals of Modern Manufacturing, 2nd Edition, John Wiley    
 & Sons. 
 
15 Mack, C. Lithography. Retrieved February 21, 2007 from   
 http://www.lithoguru.com/scientist/lithobasics.html
16 Hawkins, Aaron R. Lithography Retrieved February 21, 2007 from 
 http://www.ee.byu.edu/cleanroom/alignment.phtml
17  Sameas. Lithography Retrieved September 15, 2006 from  
http://www.memsnet.org/mems/processes/lithography.html
18 Wet Etching. Retrieved February 24, 2007 from   
 http://www.memsnet.org/mems/processes/etch.html
19 Silicon for East. Dry Etching. Retrieved February 24, 2007 from  
 http://www.siliconfareast.com/dryetch.htm
20  Rogers, J. A. & Nuzzo, R. G. (2005, February). Recent progress in soft lithography.  
Materials Today, 8, 50 – 56.
21 SEMI P38-1103, Specification for Absorbing Film Stacks and Multilayers on Extreme  
Ultraviolet Lithography Mask Blanks, Semiconductor Equipment and Materials 
International, San Jose, CA, 2003. 
22 Xia Y. & Whitesides G. M. Soft Lithography. (1998). Annual. Rev. Material.  
Sciences. 28, 153–84. 
23 Lu C., Grewell D., Lee J., & Benetar A. (2005, May). Analysis of Laser/IR- 
Assisted Microembossing. Polymer Engineering and Science, 45.6, 661-666. 
 
24  Chou S., Keimel C., & Gu J. (2002, June). Ultrafast and direct imprint of  
nanostructures in silicon. Nature, 417, 835-837. 
25 Lu C., Juang Y., Lee J., (2003, May). Numerical Simulation of Laser/IR Assisted    
 Micro-Embossing. Paper presented at the 61st Annual Technical Conference   
 (Antec), Nashville, TN. 
 
26 Ultrasonic embossing. Retrieved May 27, 2006 from  
 https://gra103.aca.ntu.edu.tw/gdoc/D88522023a.pdf  
52
27 Okamoto K. (2003). Microcelluar Processing. Hanser Gardner Publication, Inc.,  
 Cincinnati, OH. 
28 U. S. Patent Serial Number is 60/849,327 filed October 10, 2006 
 
29 Lu C. & Lee J. (2005). Sacrificial Material Assisted Laser Welding Of Polymeric  
 Microfluidic Devices. Antec, 1049-1053. 
 
30 Krishnan C. & Benatar A. (2005). Experiments In Impulse Welding A Thin Film Lid    
 For Sealing Micro-Channels In Microfluidic Applications. Antec, 1080-1085. 
 
31 Grewell D., Lu C., Lee J., & Benatar A. (2004). Infrared Micro-Embossing Of  
 Thermoplastics. Antec, 1231-1235. 
 
32 Polarized Optical Microscope. Retrieved February 28, 2007 from        
http://www.mase.nagasakiu.ac.jp/lab/kouji/TopPageMenu/PicturesofInstruments/1.P
OMjpg
33 SEM. Retreived February 1, 2007 from   
 http://www.mse.iastate.edu/microscopy/whatsem.html
34 SEM. Retreived February 1, 2007 from   
http://www.nanolab.ucla.edu/Proposal%20info/Misc%20Pix/SEM.jpg date 2-28- 07
